During gametogenesis, germ cells must undergo meiosis in order to become viable haploid gametes. Successful completion of this process is dependent upon the expression of genes whose protein products function specifically in meiosis. Failure to express these genes in meiotic cells often results in infertility, whereas aberrant expression in somatic cells may lead to mitotic catastrophe. The mechanisms responsible for regulating the timely expression of meiosis-specific genes have not been fully elucidated. Here we demonstrate that E2F6, a member of the E2F family of transcription factors, is essential for the repression of the newly identified meiosis-specific gene, Slc25a31 (also known as Ant4, Aac4), in somatic cells. This discovery, along with previous studies, prompted us to investigate the role of E2F6 in the regulation of meiosis-specific genes in general. Interestingly, the core E2F6-binding element (TCCCGC) was highly conserved in the proximal promoter regions of 19 out of 24 (79.2%) meiosis-specific genes. This was significantly higher than the frequency found in the promoters of all mouse genes (15.4%). In the absence of E2F6, only a portion of these meiosisspecific genes was derepressed in somatic cells. However, endogenous E2F6 bound to the promoters of these meiosisspecific genes regardless of whether they required E2F6 for their repression in somatic cells. Further, E2F6 overexpression was capable of reducing their transcription. These findings indicate that E2F6 possesses a broad ability to bind to and regulate the meiosis-specific gene population.
INTRODUCTION
Successful germ cell development requires that many sophisticated mechanisms coordinately regulate and precisely control the temporal and stage-specific expression patterns of a multitude of genes. Failure to properly regulate the expression of any one of these genes frequently results in a partial or complete loss of fertility (reviewed in [1] [2] ). Of interest, many of these critical genes are germ-cell-specific and are therefore repressed in all somatic cells in the body. The mechanisms controlling germ-cell-specific gene expression are diverse (reviewed in [3] [4] [5] ). Studies have found these genes to be regulated extrinsically by hormones secreted from the endocrine system, interactively by factors released from neighboring supportive cells in the gonads, and intrinsically by factors affecting transcription, translation, DNA methylation, and histone modifications. Among such germ-cell-specific genes, it is especially important that those genes that are highly expressed and critical during the meiotic phase of gametogenesis be appropriately regulated. Aberrant expression of these meiotic genes in somatic cells is presumed to be associated with disruptions in the mitotic cell cycle, which may lead to dire consequences such as oncogenic transformation [6] [7] .
Much of our current understanding regarding the transcriptional regulation of meiotic genes can be attributed to the use of transgenic mouse models. These studies have demonstrated that short proximal promoter regions of meiotic genes are sufficient to specify their silencing in somatic cells and activation in germ cells [8] [9] [10] [11] [12] [13] . A more detailed analysis of these minimal promoter regions revealed DNA regulatory elements harboring transcription factor binding sites. Further, incubation of these sequences with nuclear extracts from either somatic or testicular tissue indicated that soma/germ-specific nuclear proteins were indeed binding to these elements. For instance, Mos, a gene found to contain a negative regulatory element in its proximal promoter, is bound by a protein present only in nuclear extracts from somatic cells and not from pachytene spermatocytes [14] . This observation, coupled with the absence of expression of Mos in somatic cells, infers that this protein may be serving as a transcriptional repressor. Further studies revealed that this protein was COUP-TF [15] . Additional transcription factors that bind to various germ cell-specific genes expressed during meiosis are beginning to be uncovered and include SP1, SP3, CTF1, RFX1, RFX2, CTCF, and MYBL2 [16] [17] [18] [19] [20] . However, the existence and identity of a master regulatory protein or protein family that binds to the proximal promoters and coordinately regulates the expression of multiple meiotic genes uniformly as a group remains to be elucidated.
The E2F family of transcription factors is traditionally known for regulating the expression of genes whose protein products are essential for cell cycle progression, DNA repair, cellular proliferation, and differentiation (reviewed in [21] [22] ). The E2F family is composed of eight members, E2F1-E2F8, and two heterodimeric binding partners, DP1 and DP2. E2F1-E2F5 contain transactivation domains and pocket protein binding domains. E2F1, E2F2, and E2F3a serve as transcriptional activators, whereas E2F3b, E2F4, and E2F5 function as transcriptional repressors. E2F6-E2F8 lack transactivation domains and are pocket protein-independent transcriptional repressors [23] [24] [25] [26] . Recently, E2F6 was shown to be required for the repression of a limited number of germ cell-specificgenes, including Tuba3a, Tuba3b, Gm1564, Tex12, Stag3, and Smc1b, in somatic cells [27] [28] . These six genes all contain the core E2F6-binding element, TCCCGC, within their proximal promoter regions [29] . However, the functions of these genes are diverse, and it appears that the only common feature by which to classify them into a category of E2F6-target genes is their germ cell-specific expression pattern. In the present study, we demonstrate that E2F6 is required for the repression of the newly identified germ cell-specific gene, Slc25a31, in somatic cells. Interestingly, Slc25a31 contains the core E2F6-binding element within its proximal promoter region and, similar to Tex12, Stag3, and Smc1b, its protein product is selectively expressed in meiotic cells [30] . The meiosis-specific expression pattern of these four genes prompted us to investigate whether additional genes in this subcategory of germ cell-specific genes were downstream targets of E2F6.
MATERIALS AND METHODS

Cell Culture and Creation of Stable Cell Lines
The cell lines used in this study were murine wild-type (wt) R1 
Gel Mobility Shift Assays
Gel mobility shift assay was performed as described previously [31] . Briefly, 5 ll of reticulocyte lysates with or without in vitro-translated proteins (see below) were incubated with 0.1 pmol of PAGE-purified, c 32 P-end-labeled, annealed oligonucleotides (5 0 -TCAGCGCCCGCTTTCCCGCCAGGG-TAAAGCT-3 0 ) corresponding to the wt E2F6-binding element (underlined) in the murine Slc25a31 promoter. Competition experiments were performed with wt and mutant (5 0 -TCAGCGCCCGCTTTCTTAACAGGGTAAAGCT-3 0 ) unlabeled, double-stranded oligonucleotides corresponding to the E2F6 site derived from the Slc25a31 promoter, whereby the amount of unlabeled probe relative to the amount of labeled probe was either 20-, 50-, or 100-fold in excess. For preparation of in vitro-translated proteins, 1 lg of HA-E2F6 and Myc-DP2 expression vectors (constructed as described previously [31] ) were cotranslated in vitro using a coupled transcription/translation reticulocyte lysate system (Promega, Madison, WI) according to the manufacturer's instructions.
Chromatin Immunoprecipitation Assays
R1 ES cells were plated on 100-mm plates at a density of 1 3 10 6 cells per plate and then cross-linked with formaldehyde solution and lysed. Nuclei were sonicated for 10 repetitions of 10-sec bursts with 1-min rests on ice using a power setting of 4 on a Fisher Scientific Sonicator Dismembrator Model 100 (Fisher, Waltham, MA). Lysates were centrifuged for 10 min and supernatants were collected and diluted, and a sample was kept as Input DNA. After preclearing with Protein G agarose (Invitrogen), approximately 2 lg of each antibody, control IgG (Sigma-Aldrich, St. Louis, MO) and mouse monoclonal E2F6 [32] , were added to the supernatant and incubated overnight at 48C. The following day, 60 ll of Protein G Agarose-50% slurry was added to the reaction, the agarose complex was collected and washed seven times with LiCl wash buffer (0.25 M LiCl, 0.5% NP-40, 0.5% DOC, 1 mM EDTA, and 10 mM Tris [pH 8.0]), and DNA was eluted off with elution buffer (50 mM Tris [pH 8.0], 1% SDS, and 10 mM EDTA). Cross-linking was reversed and DNA was recovered using phenol/chloroform extraction followed by PCR Purification (Qiagen, Valencia, CA). PCR was performed with either semiquantitative PCR using the Taq DNA polymerase kit (Eppendorf, Westbury, NY) or with realtime quantitative PCR (as described below). The primer sequences used for semiquantitative PCR analysis of chromatin immunoprecipitation (ChIP) are described in Supplemental Table 1 (available online at www.biolreprod.org).
Real-Time Quantitative PCR
The primers and probes used for real-time PCR were designed with Primer Express software and synthesized at Applied Biosystems (Foster City, CA).
Each real-time PCR reaction was performed using TaqMan Universal PCR Master Mix (Applied Biosystems) and TaqMan Gene Expression Assay Mix (Applied Biosystems). The reaction was carried out using the Applied Biosystems 7900HT Real-Time PCR System. The TaqMan primers and probes for monitoring transcription levels were assay-on-demand gene expression products labeled with FAM reporter dye (Applied Biosystems 0 . All samples were tested in triplicate and expressed as means 6 SD. Analysis of results was performed using SDS v2.3 software (Applied Biosystems) according to the manufacturer's instructions. The comparative C T method (DDC T ) was used for quantification of gene expression.
Plasmid Construction and Site-Directed Mutagenesis
The Slc25a31 promoter region (from À263 bp to þ25 bp) was PCRamplified from mouse R1 ES cells' genomic DNA with high fidelity LA-Taq (Takara, Otsu, Japan) using the following Slc25a31 primers: sense primer 5 0 -AATCACCGGGTTGGTGTAG-3 0 , antisense primer 5 0 -GCCACACCAA-CACTCAAGC-3 0 . The 288-bp fragment was excised with Xho1 and HindIII (New England Biolabs, Ipswich, MA) using a QIAquick gel extraction kit (Qiagen). The Takara DNA ligation kit was then used to ligate the fragment of the Slc25a31 promoter into a PGL2-basic vector (Promega) containing a luciferase reporter gene. Mutations in the Slc25a3-luciferase reporter vector at the location of the E2F6-binding element were generated using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) in combination with the following PAGE-purified primers: Slc25a31:
0 (site of mutation is underlined).
Transient Transfection and Reporter Assays
NIH3T3 cells were plated at a density of 1 3 10 5 cells per well in six-well plates. After 24 h, FuGENE 6 (Roche, Basel, Switzerland) was used to transfect the following according to the manufacturer's instructions: 0.5 lg Slc25a31-luciferase reporter vector (wt or mutant), 0.1 lg pRL-TK-Renilla internal control vector (Promega), and 1.0 lg of one of the following vectors: HA-E2F6, HA-DC-E2F6, HA-E68-E2F6, HA-DN-E2F6 (constructed as we previously described [31] ), or pCMVTag2 empty control vector (Stratagene). Twenty-four hours after transfection, the cells were harvested. Firefly and Renilla luciferase activities were measured using a dual-luciferase reporter assay system (Promega) according to the manufacturer's instructions. The firefly luciferase data for each sample was normalized based on transfection efficiency as measured by Renilla luciferase activity. Data from at least three independent experiments were analyzed and expressed as means 6 SD. Statistical analysis was performed by Student t-test, and P values of less than 0.05 were considered significant.
Immunoblotting
NIH3T3 cells transiently transfected, using Fugene 6, with one of four E2F6 expression vectors-HA-E2F6, HA-DC-E2F6, HA-E68-E2F6, or HA-DN-E2F6-were lysed in RIPA buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% NP-40, 0.5% Na-Deoxycholate, and 0.1% SDS) plus protease inhibitors, and then harvested. Total protein was normalized by Lowry assay (Bio-Rad, Hercules, CA). Next, 25 lg of total protein was separated on a 12% SDS-PAGE gel and transferred to a nitrocellulose membrane. The membrane was probed with primary antibody directed against HA (Cell Signaling Technology).
Reverse Transcription PCR
Total RNA was extracted using an RNAqueous kit (Ambion, Austin, TX). The cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the manufacturer's instructions. PCR was performed using Taq DNA polymerase (Eppendorf) with the primer sequences listed in Supplemental Table 2 (available online at   922   KEHOE ET AL. www.biolreprod.org). The sense primers were always designed in different exons than the antisense primers in order to ensure that the PCR product represented the specific mRNA species and not genomic DNA background.
Computational Analysis
All genomic DNA sequences of meiosis-specific genes were downloaded from the University of California at Santa Cruz (UCSC) Genome Bioinformatics Web site (http://genome.ucsc.edu) [33] . An interspecies comparison of promoter sequences was also carried out using UCSC Genome Bioinformatics tools. A genome-scale DNA pattern-matching algorithm was used to identify all core E2F6-binding elements within the proximal promoter regions of all genes in the entire mouse genome (based on 31 113 genes in the database) using Regulatory Sequence Analysis Tools (RSAT) software (http://rsat.scmbb.ulb.ac.be/rsat/) [34] .
Preparation of Stage-Specific Spermatogenic Cells
Stage-specific spermatogenic cells were prepared as we described previously [30] .
RESULTS
E2F6 Binds to the Proximal Promoter Region of the Slc25a31 Gene
Slc25a31 (also known as Ant4, Aac4) is a newly identified germ cell-specific gene and is a member of the adenine nucleotide translocase family [35] [36] [37] . Slc25a31 is selectively expressed in meiotic male germ cells and is essential for male meiosis [30] . Although our previous studies determined that the repression of Slc25a31 in somatic cells is dependent upon CpG methylation of its proximal promoter region [36] , its transcriptional regulation has remained largely undetermined. By comparing Slc25a31 genomic sequences from ten mammalian species using the UCSC Genome Browser [34] , here we identified two conserved regions within 74 bp upstream of the transcription initiation site (Fig. 1A) . Further, we located one E2F family transcription factor binding site (TFBS) with the core E2F6-binding sequence, TCCCGC, within one of these conserved regions (Fig. 1A) . This potential E2F6 TFBS was located 36 bp upstream of the transcription initiation site and was conserved in 8 out of 10 mammalian species (Fig. 1A) .
Next, we examined the functional significance of the E2F6 TFBS in the murine Slc25a31 promoter by analyzing the ability of the E2F6 protein to interact with this site by gel retardation assay. As shown in Figure 1B , addition of the recombinant E2F6/DP2 protein complex, which was produced using reticulocyte lysates, to radiolabeled Slc25a31 probe encompassing the E2F6 TFBS in the Slc25a31 promoter (À54 bp to À24 bp) generated an additional retarded band. The specificity of this interaction was verified by competition with wt and mutant cold competitors in 20-, 50-, or 100-fold excess amounts over radiolabeled Slc25a31 probe, whereby only the wt competitor was able to efficiently compete for binding to the E2F6 TFBS (Fig. 1B, filled arrow) . It should be noted that the reticulocyte lysate used for in vitro translation (IVT) contains an endogenous protein that interacts with the Slc25a31 probe. This interaction was evidenced by the presence of a retarded band when the probe was incubated with control rabbit reticulocyte lysate in the absence of IVT (Fig. 1B, open  arrow) . However, addition of specific antibodies against HA and Myc into the protein/probe mixture selectively reduced the intensity of the bands indicated by the filled arrow as previously demonstrated [31] (data not shown).
Subsequently, we analyzed the occupancy of this E2F6 TFBS in vivo using ChIP. Here we found that endogenous E2F6 bound to the proximal promoter of Slc25a31 but not to Actb in undifferentiated R1 ES cells (Fig. 1C) . Collectively, these observations show that Slc25a31 contains a conserved E2F6 TFBS that binds E2F6 both in vitro and in vivo.
E2F6 Is Required for the Repression of Slc25a31
To clarify the role that E2F6 plays in the regulation of Slc25a31 transcription, we then performed luciferase reporter assays using an Slc25a31-promoter-luciferase reporter vector in combination with various E2F6 expression vectors. The Slc25a31-luciferase reporter contains a 288-bp region of the Slc25a31 promoter (À263 bp to þ25 bp) that includes the E2F6 TFBS. For transient transfection, we used NIH3T3 cells due to their high transfection efficiency and their apparent absence of endogenous E2F6 expression (data not shown). The activity of the wt Slc25a31-luciferase reporter significantly decreased upon cotransfection with an HA-E2F6 expression vector ( Fig.  2A, left bars) . However, when the E2F6 TFBS in the Slc25a31-luciferase reporter was mutated using site-directed mutagenesis, cotransfection with HA-E2F6 failed to repress Slc25a31 transcription ( Fig. 2A, right bars) . Similarly, when the wt Slc25a31 reporter vector was cotransfected with HA-E2F6 expression vectors in which either the DNA binding domain was mutated (HA-E68-E2F6) or the repression domain was mutated (HA-DC-E2F6), reporter activity was not repressed (Fig. 2B) . E2F6 proteins containing a mutation in the Nterminal domain (HA-DN-E2F6), which have been shown to retain their repressor activity, had similar repressive effects to that of wt HA-E2F6 [31] . Western blotting confirmed that the E2F6 proteins were expressed at comparable levels when equivalent amounts of DNA were transfected (Fig. 2C) . These reporter assays indicate that the E2F6 protein can repress Slc25a31, provided its DNA binding and repressor domains are intact, and that this repression depends on sequence-specific DNA binding.
To further elucidate the potential role of E2F6 in the repression of the Slc25a31 promoter, we next created stable ES cell lines overexpressing either HA-E2F6 or HA-DC-E2F6 expression vectors. In contrast to somatic cells, many germ cell-specific genes are considered to be transcriptionally permissive in ES cells and therefore have detectable mRNA transcripts [38] . For instance, the CpG island of the Slc25a31 gene promoter is hypomethylated in ES cells, and a low level of Slc25a31 transcription is detectable [36] . Using semiquantitative RT-PCR, we found that overexpression of HA-E2F6 but not mutant HA-DC-E2F6 was able to reduce Slc25a31 transcription relative to parental R1 ES cells (Fig. 3A) . This indicates that increasing the amount of E2F6 protein present in a cell is sufficient to trigger E2F6-mediated repression. Based on this result, it is reasonable to believe that the opposite scenario, in which E2F6 protein has been depleted from a cell, could potentially result in the derepression of Slc25a31 transcription.
To this end, we examined the expression of Slc25a31 in mouse embryonic fibroblast (MEF) cell lines derived from both wt and E2f6-null mice. Using semiquantitative PCR, we found that Slc25a31 was in fact aberrantly expressed in E2f6À/À MEFs (Fig. 3B) . Taken together, these findings indicate that E2F6 is an essential repressor for the Slc25a31 gene in somatic cells.
In addition, since HA-DC-E2F6 was suggested to work as a dominant negative mutant [31] , we also examined whether HA-DC-E2F6 can derepress Slc25a31 transcription in somatic cells using a mouse fibroblastic cell line (NIH3T3). As shown in Figure 3C , HA-DC-E2F6 was not able to derepress the Slc25a31 gene in the cells, which may imply that E2F6 AN E2F6-BINDING ELEMENT IN MEIOSIS-SPECIFIC GENES inactivation may not be sufficient for derepressing Slc25a31 once the gene repression has already been established.
The E2F6-Binding Element Is Conserved Within the Proximal Promoter Regions of Meiosis-Specific Genes
Our discovery that Slc25a31 is regulated by E2F6, along with previous studies suggesting a role for E2F6 in germ cell gene repression [27] [28] , prompted us to investigate whether additional genes involved in germ cell development require E2F6 for their repression. In particular, we focused on genes that are similar to Slc25a31 in that their expression is restricted to germ cells undergoing meiosis. We compiled a list of 24 genes that were previously reported in the literature to have meiosis-specific expression (Table 1) . It should be noted here that we excluded genes from the list that continue to have predominant levels of expression postmeiotically, such as Pgk2. For each of these meiosis-specific genes, we screened a genomic region spanning 1 kb upstream of their transcription initiation sites for the presence of E2F6-binding elements (TCCCGC or GCGGGA, depending on the direction of binding) using the UCSC Genome Browser [33] . As shown in Table 1 , potential E2F6-binding elements are accumulated within the proximal promoter region of meiosis-specific genes. In total, 19 out of the 24 meiosis-specific genes (79.2%) contain at least one E2F6-binding element within 200 bp upstream of their transcription initiation site (Fig. 4, white  bars) . The relevance of this finding was examined through the application of a genome-scale DNA pattern-matching software tool, RSAT [34] . The RSAT software was used to identify the presence of E2F6-binding elements within promoter regions (À1000 bp to þ1 bp) of all genes in the entire mouse genome FIG. 1. The proximal promoter region of the Slc25a31 gene has a conserved E2F6 binding site. A) UCSC Genome Browser prediction of the genomic location and structure of the mouse Slc25a31 gene (labeled Slc25a31) followed by a 10-way mammalian species comparison of the Slc25a31 proximal promoter region spanning À74 bp to þ1 bp. Conserved regions are indicated as black peaks above the sequences. An E2F TFBS with the preferred E2F6 binding sequence (TCCCGC) was found in one of the two conserved regions (a box is drawn around the E2F6 TFBS sequence). B) Gel mobility shift assay showing that E2F6 binds to the E2F6 TFBS in the murine Slc25a31 promoter. A labeled oligonucleotide corresponding to the E2F6 TFBS in the mouse Slc25a31 promoter (lane 1) was incubated with control rabbit reticulocyte lysate alone (lane 2) or in vitro cotranslated HA-E2F6 and myc-DP2 proteins (lanes 3-9). Unlabeled Slc25a31 wt (lanes 4-6) or mutated (mut) (lanes 7-9) oligonucleotides were added in excess amounts over the amount of labeled probe as indicated. Filled arrow, position of the specific E2F6/DP2 complex; open arrow, endogenous binding activity in the reticulocyte lysate. C) The proximal promoter region of Slc25a31 is bound by endogenous E2F6 in undifferentiated wt R1 ES cells. ChIP was performed using mouse-anti E2F6 antibody. Primers amplifying the Slc25a31 proximal promoter region containing the E2F6 TFBS and Actb control primers lacking the E2F6 TFBS were used for semiquantitative PCR. Samples from each primer set were precipitated with IgG to control for nonspecific enrichment. Input samples represent 1% of the starting amount of chromatin and were analyzed to confirm that the different chromatin preparations contain equal amounts of DNA.
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(based on 31 113 genes in the Ensembl database; Fig. 4 , gray bars). A comparison between the meiosis-specific genes and all genes in the mouse genome indicates that the proximal promoter regions of these meiosis-specific genes are indeed enriched with E2F6-binding elements. Further, the selectivity of the E2F6-binding element to the proximal promoter, a genomic region that is known to harbor binding sites of critical transcriptional regulators, suggests that this E2F6-binding element possesses a high degree of functional significance. It should be noted here that 5 of the 24 meiosis-specific genes also had an E2F6-binding element within their 5 0 UTR ( Table  1 ). Given that many genes harbor several putative transcription initiation sites, it is possible that those E2F6 binding sites found in the 5 0 UTR could also play an important role in modulating transcription initiation.
As an additional measure of significance, for each meiosisspecific gene we analyzed the mammalian conservation of the E2F6-binding element (Table 1) . Interestingly, one-third of the meiosis-specific genes had an E2F6-binding element that was conserved in more than 7 out of 10 species examined (species are listed in Fig. 1A) . 
AN E2F6-BINDING ELEMENT IN MEIOSIS-SPECIFIC GENES
their transcription initiation sites, we predicted that similar to Slc25a31, these genes would become derepressed in E2f6À/À MEFs. Surprisingly, with the exception of Slc25a31 and the genes previously found to be derepressed in the E2f6À/À MEFs (Fig. 5A) , all other meiosis-specific genes containing the E2F6-binding element remained repressed in the E2f6À/À MEFs (Fig. 5B) . As a control, we confirmed that ES cellpluripotency genes (Nanog, Pou5f1) remained repressed in E2f6À/À MEFs (Fig. 5C) . A representative sampling of this data was further quantified using real-time PCR (Fig. 5D ). It should be noted here that the expression levels of those genes that were derepressed in E2f6À/À MEFs were lower when compared to physiological expression of these genes in the testis (Fig. 5) .
Meiosis-Specific Gene Promoters Are Bound by E2F6
To test the functional significance of the conserved E2F6-binding elements, we performed ChIP analysis using undifferentiated ES cells and observed that endogenous E2F6 binds to meiosis-specific genes (Fig. 6) . Figure 6A shows that E2F6 indeed binds to the promoters of meiotic genes that have been shown to be derepressed in E2f6À/À MEFs. To clarify, Tuba3a is one of these derepressed genes that is highly expressed in meiotic cells, but its expression is not restricted to meiotic cells and is therefore not included in Table 1 . Interestingly, Figure  6B demonstrates that E2F6 also binds to those meiosis-specific genes that remain repressed in E2f6À/À MEFs. Additionally, the inability of E2F6 to bind to the promoters of both housekeeping and ES cell-pluripotency genes validates that E2F6 binding is targeted to meiosis-specific gene promoters (Fig. 6C) . Lastly, we selected a representative set of genes and verified using quantitative real-time PCR that E2F6 was indeed binding to meiosis-specific genes regardless of their expression status in E2f6À/À MEFs (Fig. 6D) .
E2F6 Overexpression Represses Meiosis-Specific Genes
Next, we looked to see whether E2F6 would repress the meiosis-specific genes to which it was bound. In both semiquantitative (Fig. 7, A-C) and quantitative real-time PCR analyses (Fig. 7D) , expression of meiosis- specific   FIG. 4 . Frequency of appearance of E2F6 TFBS within upstream regions of genes relative to their transcription initiation sites. Bar graph indicates the occurrence rate of E2F6 TFBS for the following categories: RSAT, the actual frequency that the E2F6 TFBS occurs at least once within the proximal promoter regions of genes (31 113 genes) in the mouse genome; meiosis-specific, the actual frequency that the E2F6 TFBS occurs at least once within a population of meiosis-specific genes (those listed in Table 1 ). The x-axis indicates the location of the E2F6 TFBS to be within 100 bp, 200 bp, 500 bp, or 1000 bp upstream of the transcription initiation site; the yaxis denotes the percentage of genes from each category (RSAT or Meiosisspecific) that have at least one E2F6 TFBS within a given upstream region. 
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E2f6 Expression Did Not Decrease in Meiotic Spermatocytes
To gain further insight regarding the role of E2F6 in the control of meiosis-specific genes, we also examined the RNA expression status of the E2f6 gene in stage-specific spermatogenic cells (Fig. 8) . E2f1, a well-known activating member of the E2F family, was also shown for the purpose of comparison. Of interest, in contrast to our prediction based on the proposed role of E2F6 in the repression of meiosis-specific genes, E2f6 expression did not decrease during meiosis but rather increased from preleptotene to pachytene spermatocyte stages.
DISCUSSION
There are several notable examples of coordinated gene regulation whereby genes whose protein products function in the same physiological processes are concomitantly expressed. Typically, a common transcription factor binding site can be found in the promoter regions of such genes [67] [68] [69] . For instance, previous studies have screened DNA sequences from the EMBL and GenBank data banks and found that liverspecific gene promoters harbor binding sites for the HNF1 transcription factor 2.5 times more frequently than do other genes [67] . Likewise, NFAT/AP-1 binding sites are present at rates 10 times higher in the promoters of immune response genes than in random sequences pulled from EPD and GenBank databases [68] . Further, the promoter regions of genes whose protein products are known to play a role in cell cycle progression were found to have a high frequency of E2F-binding site (the traditional TCGCGC site common to E2F1-E2F5 rather than the E2F6-preferred TCCCGC site) occurrence in comparison to the promoters of functionally different genes [69] . Here we have taken a defined population of critical germ cell-specific genes, the meiosis-specific genes, and identified a regulatory element that is commonly shared among members of this population. This E2F6-binding element occurs in the proximal promoter regions of meiosis-specific genes at a significantly higher frequency (79.2%) than that found in the promoters of all mouse genes (15.4%). Further, we have shown that E2F6 binds to this element and is capable of reducing meiosis-specific gene expression. The identification of a transcription factor that may coordinately regulate the timely expression of the meiosis-specific gene population is notable given that failure to express any one of these genes often results in infertility [1] [2] and aberrant expression in somatic cells can lead to mitotic catastrophe [6] [7] .
In agreement with previous studies, E2F6 deficiency alone derepressed only a portion of these meiosis-specific genes in somatic cells, including the newly identified Slc25a31 as well as Stag3, Smc1b, and Tex12. Prior reports have described cDNA microarray experiments with mRNA from wt and E2f6À/À MEFs and shown that very few germ cell-specific genes were upregulated in E2f6À/À MEFs [27] [28] . By the same token, these studies failed to identify more than three meiosis-specific genes as E2F6-target genes because the parameters used during the experiments only allowed for identification of genes that were derepressed in E2f6À/À MEFs. Under such criteria, the discovery of additional E2F6-target genes may have been overlooked as a result of a functional redundancy, whereby in the absence of E2F6, another factor can compensate to maintain repression. It is also possible that not all meiosis-specific genes that are regulated by E2F6 require E2F6 for their repression in somatic cells. Our decision to more closely examine the promoter regions of meiosisspecific genes regardless of their expression status in E2f6À/À MEFs revealed 16 additional E2F6-target genes, all of which are essential to successful germ cell development.
Future studies should be directed at distinguishing the differences between those meiosis-specific genes that are and those that are not derepressed in E2f6À/À MEFs. It is conceivable that functional redundancies may only exist for those genes that remain repressed. Interestingly, E2F family members have been shown to compensate for each other when other E2F family members are rendered nonfunctional. In particular, E2F4 can compensate for the loss of E2F6 by binding to the promoters of G1/S-regulated genes (that under normal circumstances are bound by E2F6) in the absence of E2F6 [70] . In agreement with this concept, ChIP analysis of the Stag3 promoter in E2f6À/À MEFs indicates that E2F4 does not bind [28] . It is possible that this lack of redundancy with E2F4 could explain why Stag3 is aberrantly expressed in E2f6À/À MEFs. It would be naïve, however, to infer that the only transcription factors capable of compensating for the loss of E2F6 are other E2F family members. One example of a redundancy that most likely does not involve other E2F family members may be Ribc2. Ribc2 is one of the meiosis-specific genes that remains repressed in E2f6À/À MEFs (Fig. 5) . Ribc2 and Smc1b genes overlap on chromosome 15 and are transcribed in opposite orientations, with their promoter regions embedded within each other [54] . These genes are not only transcribed at similar times during meiosis, but they share an E2F6-binding element in their overlapping promoter region that we have shown binds E2F6 in vivo (shown as Smc1b, Fig. 6A ). DNA elements existing within introns and 3 0 regions specific to each gene may be accountable for the differential regulation. Although the mechanisms responsible for this distinction in gene regulation remain unclear, a redundancy of an E2F family member at the location of this shared E2F6 binding site would most likely not account for such a phenomenon.
Lastly, the unexpected increase in E2F6 expression during male germ cell meiosis may imply an additional role for E2F6 in meiosis-specific gene regulation. E2F6 may in fact have dual roles as both an activator and a repressor. These roles may be determined by cell type and by differences in the complexes by which E2F6 is bound. For instance, if E2F6 represses transcription by serving as a platform on which factors such as polycomb protein complexes can bind, then the actual repression activity is coming from the proteins that are recruited by E2F6 rather than from E2F6 itself. In meiotic cells, E2F6 may instead be recruiting an activation complex to meiosis-specific genes. Such an activation complex could consist of components that have already been shown to play a role in meiotic gene activation, such as MYB, SP1, PRDM9, and tTAFs. Indeed, E2F6 knockout mice demonstrated a moderately impaired spermatogenesis, supporting this idea [32] . Relationships between these proteins and E2F6 need to be further elucidated.
In summary, the present study has revealed a common E2F6-binding element in the proximal promoter regions of meiosis-specific genes. These findings suggest that E2F6 may play an even broader role in the regulation of critical germ cellspecific genes than was originally thought. Further, this study has provided new insights regarding coordinated gene control and has laid the groundwork for future studies on elucidating the exact function of E2F6 in the context of meiosis-specific gene regulation.
